This work deals with the use of conventional X-band marine radars to characterize sea state information. Thus, those radar systems are able to scan the sea surface in the spatio-temporal domain by acquiring temporal sequences of radar images of the ocean. The paper describes the different algorithms to obtain the estimation of the wave spectra from the radar data sets and the related sea state parameters. In addition, new recently developed techniques are described in the text that permit us to estimate the wave elevation maps of the sea surface η(x, y, t), as well as individual wave properties, such as the wave groupiness evolution in space and time.
Introduction
Wave information is usually characterised from a time series of the sea surface elevation measured at a specific ocean position. These measurements are carried out by in-situ sensors such as anchored buoys. The use of point measurements assumes that the obtained wave information is representative of not only the mooring point, but also of a particular area of the ocean. That assumption is not generally correct, particularly in coastal waters, where coastal effects like wave refraction, diffraction, shoaling etc. take place. Under these conditions, the sea state can vary significantly in the area of interest. Additional to those punctual measurements described above, the imaging of the sea surface based on microwave remote sensing techniques provides information about the sea state variability in the area of interest. One of these techniques is based on the use of ordinary Xband marine radars to analyze the spatial and temporal behavior of ocean wave fields [1] [2] [3] [4] [5] . The measurement of ocean waves with marine radars is based on the spatial and temporal structure analysis of the sea surface radar images. These radar images are caused by the interaction of the electromagnetic waves transmitted by the radar antenna with the sea surface ripples caused by the local wind [6] [7] [8] [9] . This interaction produces a backscatter of the electromagnetic fields and, therefore, an image pattern in the radar display unit, which is commonly known by sailors as sea clutter. Fig. 1 shows an example of a sea clutter image taken by a marine radar on board a moving vessel in the North Sea.
Spectral representation of sea states
Sea states are regarded as wind-generated wave fields with invariant statistical properties at a given sea surface position r = (x, y) and at time t. Those wave fields are homogeneous in the spatial dependence and stationary in their temporal evolution. Under these assumptions, the sea surface elevation η(r, t) has the following spectral representation
where k = (k x , k y ) is the two-dimensional wave number, and ω is the angular frequency. The integration domain
is defined from the range of wavelengths λ = 2π/k and periods T = 2π/ω of the wind-generated waves. The amplitudes dZ(k, ω) are the so-called random spectral measures, which lead the three-dimensional wave spectrum as
, where E is the expectation operator. Ocean waves are dispersive, and under the assumptions of the linear wave theory, the dispersion relation is given by
being g the acceleration of gravity, d is the water depth, and U = (U x , U y ) is the current of encounter responsible of a Doppler shift term in frequency in Eq. (2) given by the dot product k · U.
Additional spectral representation of sea states
Integrating F (3) (k, ω) over all the positive wave frequencies, the unambiguous two-dimensional wave number spectrum
Taking into account the dispersion relation (2) , and the two-dimensional wave number spectrum F (2) (k) given by Eq. (3), other spectral densities can be derived. One of the most common spectral representations used is the directional spectrum E(ω, θ), which is given by
where (4) is the Jacobian needed to change the coordinates from the
3 Estimation of the wave spectrum from radar images As mentioned above, the procedure to analyze wave fields using a marine radar is based on the acquisition of temporal sequences composed of N t consecutive images of the sea clutter. The sampling time Δt of this temporal sequence of images is given by the antenna rotation period. The spatial resolutions (Δx and Δy) of each image depends on the azimuthal and the range resolution of the radar system.
When analyzing sea clutter data sets it can be realized that all these phenomena contribute with additional spectral components to the spectrum of the sea clutter time series. These additional components do not belong to the wave field imaged by the radar [6] [7] [8] . Hence, the spectrum of the sea clutter time series, commonly known in the scientific literature as image spectrum, has to be processed in order to derive reliable estimation of the wave spectrum and the related sea state parameters. As mentioned above, once the temporal sequence of sea clutter images ζ(r, t) is acquired, the first step of the analysis is to apply a three-dimensional Fourier decomposition to estimate the so-called image spectrum I (3) (k, ω). As mentioned above, the different X-band radar imaging mechanisms contribute with additional spectral (k, ω)-components different from the components only due to the imaged wave field. These contributions to the image spectrum I (3) (k, ω) can be summarized as:
-Static and quasi-static spectral components due to long range radar imaging dependences given by the radar equation [1] . -Wave field components [1] . -Higher harmonics of the wave components due to nonlinear mechanisms in the marine radar imagery [9] [10] [11] . -Background noise spectral energy (BGN) due to the roughness of the sea surface [6, 9] . -Additional contributions in lower frequency planes, such as the group line [12] . Fig. 2 illustrates an example of image spectrum showing those spectral components mentioned above. This measurement was taken using a land-based radar station on top of a cliff on the Northern coast of Spain (Bay of Biscay). This is a swell dominated area where the long waves reach the cliff walls and some part of this incoming wave energy is reflected. Hence, the radar is measuring in that case a bimodal sea state. This bimodality can be appreciated in the two opposite branches of the dispersion relation, where the weaker branch corresponds to the reflected wave components. Therefore, in that case, the quantification of the ratio of reflected energy to the incoming energy can be easily obtained from these kinds of sensors.
To derive the estimation of the wave spectrum, it is necessary to apply an inversion modeling technique. The basic assumption of this inversion modeling algorithms is the existence of the dispersion relation (k) given by Eq. (2).
Inversion modeling technique to derive the wave spectrum
Once the image spectrum I (3) (k, ω) is obtained, the next step is to apply the inversion model to derive the wave spectrum and the related sea state parameters. This modeling technique is composed of the following steps:
1. Applying low-pass filter to I (3) (k, ω) to remove the static and quasi-static patterns [1] . 2. Estimation of the current of encounter: the estimation of U is carrying out analyzing the distribution of the (k, ω) spectral components. The physical model applied is the linear wave theory, and the dispersion relation (2) . Thus, the current of encounter U = (U x , U y ) can be estimated by minimizing the following functional [1, 13] :
where k j = k 2 xj + k 2 yj , and 0 (k) is the dispersion relation (2) without the presence of current of encounter U. N r is the number (k, ω) points whose spectral energy is due to the wave field and not due to other effects in the radar imaging. The computation of U from the functional (5) can be improved using an additional iterative scheme [14] . 3. Filtering the spectral energy outside the dispersion shell [1, 6, 10, 13]:
where δ(·) is the Dirac's delta. 4. Application of the modulation transfer function: for horizontal polarization and at grazing incidence, a difference between the image spectra from marine radar imagery and the corresponding spectra from in situ sensors can be observed. This difference is due to radar wave imaging mechanisms like, for example, shadowing and/or tilt modulation [10, 11] that are not considered in the band-pass filter (6) . This effect can be minimized by using a so-called modulation transfer function [6, 15, 16] . The modulation transfer function T (k) for marine radar has been derived empirically [9] as 
5. Significant wave height estimation: marine radars provide images coded in relative values of grey scales rather than values of physical parameters related to the backscattering phenomenon, such as the radar cross section. Hence, the spectral estimation of the wave field (7) is not properly scaled to derive the significant wave height H s . Analyzing the structure of the image spectrum I (3) (k, ω) it can be seen that H s can be estimated in a similar way to Synthetic Aperture Radar (SAR) systems [17] . For this particular case, the method has to be extended to the three dimensions of the image spectrum. Under these conditions, the significant wave height has a linear dependence with the root squared of the Signal-to-Noise ratio SN R [6, 9, 18] , where c 0 and c 1 are calibration constants [9, 18] . The factor SN R is defined as [9] SN R = where
is the spectral energy of the background noise (see Fig. 2 ). Figure 3 shows a scatter plot of √ SN R derived from X-band marine radar data and H s measured by a buoy. From the estimation of the wave spectrum, and taking into account the different spectral representation of sea states described in the previous Section 2.1, the different sea state parameters can be estimated. Hence, Figure 4 shows a wave number directional spectrum F (2) (k) of a bimodal sea state, where two wave systems (e.g. wind sea and swell) can be identified. This ability of remote sensing imaging techniques to detect multimodal sea states is an advantage compared with the limitations of standard buoys to determine the directionality of wave fields. The following Figure 5 shows the comparison of the frequency spectrum S(f ) and the mean directionθ(f ) from a marine radar and a directional pitch-roll buoy.
New developments
The previous sections show the estimation of different wave field properties derived from the wave spectrum. Recent investigations [6] on the analysis of wave fields from X-band marine radars permit us to derive sea surface elevation maps Time Figure 7 : Spatio-temporal evolution of the wave envelope derived from the sea surface estimation shown in Figure 6 . Figure 6 shows an estimation of the wave elevation of the sea surface η(r, t) served from the temporal sequence of radar images shown in Figure 1 . From these kinds of data sets individual wave properties in the spatio-temporal domain can be inferred, such as the spatial and temporal evolution of wave groups [19] . This analysis is carried out by estimating the wave envelope in space and time, which is responsible of the energy propagation of wave field. Figure 7 illustrates the estimation of the envelope corresponding to the wave field shown in Figure 6 .
η(r, t).

Conclusions
Marine radars are a reliable remote sensing technique to measure and monitor directional sea states and surface currents. These sensors provide a sea clutter image time series of the spatial and temporal variability of surface wave fields. Those images are analyzed and the important sea state parameters can be derived. One important advantage of marine radars is in the measurement of multidirectional sea states composed of several single swell and wind sea contributions to the total wave field. In these cases, the radar imaging mechanism provides a more detailed directional description than point measurements. So, the information provided by this system can complement, or in some cases substitute, the data obtained from the analysis of conventional in situ sensors. 
